We analyzed the operation of a typical agricultural biogas plant in Hungary. Our aim was to optimize the composition of substrates for the biogas production and make a correct recommendation for completing feedstock recipes by considering the raw materials and technologies analyzed. The calculations were based on a very detailed database (including the daily operating data of 1673 days). Distribution of the biogas yields in summer and winter periods was normal based on the One-Sample Kolmogorov-Smirnov test, while the variance of data was homogeneous based on the Levene-test. Factor analysis of the biogas yield was performed with the Kaiser-Meyer-Olkin Measure of Sampling Adequacy probe (0.616) and the Bartlett's Test. According to the objectivity of our LP (linear program) model, we believe that a significant excess biogas yield (18-66%) could be achieved by the use of our model compared to the actual measured data. Although the amount of corn silage, grass silage, and the extract -as variables -was minimal in the recipe, they played a crucial role in the total biogas yield of the recipe because of their significantly higher organic matter contents and specific biogas yields. Our results could provide a reliable foundation for optimizing of the recipe in biogas plants with raw material base similar to the analyzed plants.
Introduction
Agriculture faces some major inter-connected challenges in delivering food security at a time of increasing pressures from population growth, changing consumption patterns and dietary preferences, and post-harvest losses. At the same time, there are growing opportunities and demands for the use of biomass to provide additional renewables, energy for heat, power and fuel, pharmaceuticals and green chemical feedstocks [1] . However, the worldwide potential of bioenergy is limited, because all land is multifunctional, and the land is also needed for food, feed, timber and fiber production, and for nature conservation and climate protection [2] . Fuchsz and Kohlheb (2015) [3] examined the environmental effects of anaerobic digestion (AD) plants, which operate with the same power production capacity, but use different raw materials during the full life circle. Their results showed that, from the perspective of greenhouse gas (GHG) emission, biogas production from energy crops 63 digester is the hydraulic retention time (HRT). The HRT is the average time interval when the substrate is kept inside the digester tank [5] .
HRT is the average period that a given quantity of input material remains in the digester to be acted upon by the methanogens [19] . The disadvantage of a longer retention time is the increasing reactor size needed for a given amount of substrate to be treated [20] . A short HRT provides a good substrate flow rate, but a lower gas yield [5] and lower overall degradation [20] . Another problem for a short HRT is, that the bacteria in the digester are "washed out" faster than they can reproduce. It is therefore important to adapt the HRT to the specific decomposition rate of the used substrates. Knowing the targeted HRT, the daily feedstock input and the decomposition rate of the substrate, it is possible to calculate the necessary digester volume. The average HRT is usually varies from 20 to 40 days [5] , under other results from 10 to 30 days [21] , depending on the type of substrate and digestion temperature [5] . Kaosol and Sohgrathok (2012) [22] analyzed the effect of HRT on biogas production in a 15 L reactor with 10 L working volume for 10 days, 20 days, and 30 days. The results during the whole process showed that the 20-day and 30-day HRT reactors can remove COD in the range of 92.28%-94.54%, while the 10-day HRT reactor showed the lowest removal performance (i.e., 71.21%). The COD removal performances of the 20-day HRT and the 30-day HRT reactors showed no significant difference.
In practice, the anaerobic degradation rate of organic matters from animal manure and slurries is about 40% for cattle slurry and of 65% for pig slurry, respectively. The degradation rate depends at large on the feedstock type, HRT, and process temperature. The organic load is an important operational parameter, which indicates how much organic dry matter can be fed into the digester per volume and time unit [5] ). Braun et al. (2006) [23] examined more than 40 agricultural biogas plants in his study. The plant sizes changed between 50 kWel and 1672 kWel, the reactor volume varied between 1,000 and 17,000 m 3 . Therefore, the HRT changed significantly with the analyzed agricultural biogas plants. The organic load varied from 2.92 to 4.61 m 3 /Vr*day. Menardo et al. (2011) [24] analyzed four mesophilic (41°C) agricultural biogas plants. The digester volume changed between 4990 and 12000 m 3 , HRT varied from 51 to 105 days, while organic loading rate (OLR) was between 0.85 and 2.25 kgVs/m 3 *day. The potential biogas yield relies not only on the VS content, but also on the degradability of those solids in an anaerobic environment [25] . Furthermore, both of these VS parameters depend on the OLR and HRT [26] . Menardo et al. (2011) [24] applied Pearson "R" correlation coefficient analyses in his study and showed the parameters that were most correlated to the biogas yields of digestate samples were the OLR of the original biogas plant and the samples' TS and VS contents.
Many anaerobic digesters have various feedstock sources, which can cause fluctuations of the chemical composition in the reactor. As a result from poorly monitored systems, most anaerobic digesters are currently run at a less-than-optimum loading rate to prevent instability occurring in the digester. This instability often inhibits methanogens [27] and results in a decrease of the biogas yields.
Our hypothesis was that the quantity and quality of raw materials (dry or wet, organic material content, etc.) have an impact on the biogas and methane yields. We would like to prove the connection and correlation between the feedstock and the biogas yields, and to take into account the constraints often encountered in practice. We also analyzed the effect of seasonal differences on biogas yields. Our aim was to optimize the composition of substrates for biogas production and make a correct recommendation for Regarding the comparative analysis of actual and optimized feedstock recipes, our aim was to analyze the recipe's exact composition and biogas yield, based on the different feedstock quantities. We aimed to determine via linear program (LP) modelling (1) the recipes' potential reserves which can be suitable for yield-boosting effect and (2) the level of heterosis effect during co-fermentation compared to the biogas yield of single raw material.
Materials and Methods
The most important feature of the biogas plant studied between 2012-2016, is that it uses predominantly by-products generated in a nearby farm, providing a significant advantage for the feedstock management due to the predictable quantity and quality, and cost saving. Currently, the farm produces crops on 4,000 hectares of arable land including raw materials usable for biogas production (such as corn silage and grass silage). However, the main goal of the production is to provide food for the animal sector. The latter includes 2,000 dairy caws and almost 1,200 sows with progeny (~20,000 piglets/year).
The raw material base for the mesophilic fermentation in the biogas plant is made up of various materials. The liquid part of the substrate consists of pig and cattle waste slurry, in addition to the whey and dairy sludge from the nearby cheese factory to be disposed in the biogas plant. The purpose of the biogas plant is the disposal of these continually generated unmarketable and environmentally dangerous products. In the remaining fermentation space of the fermenter -in order to enhance the biogas yieldcorn silage, grass silage, solid separated digestate, and manure are added, which have a significant dry matter content.
The majority of the raw materials fed daily consists of four liquid components: cattle slurry, pig slurry, whey, and sludge. The utilization of the total amount of these materials is especially important because of storage limits, and thus the limiting factors of their daily consumption must be taken into account during optimizing the process. Technical problems that were caused by the slurry happened a few times. The amount of incoming slurry had the significant fluctuations, causing either reduced amount fed in or (usually) higher proportion added.
Most biogas plants utilizing agricultural by-products use different recipes for the winter and summer periods, because the two-phase feeding of ruminants results in raw materials with different quality and quantity for each period. However, the plant analyzed in this study does not prevail this seasonality. According to its operating data, approximately 94% of the summer recipe and 92% of the winter recipe were composed of the four aforementioned liquid materials (Table 1 .), resulting in balanced feeds and higher biogas yields compared to the changing recipes.
The raw materials were fed in the three mesophilic digesters of total 4,500 m 3 capacity from the mixers between 2012 and 2016. The amount of material fed daily varied between 55.5 and 232.5 m 3 , and the average daily amount of feedstock substrate was 178 m 3 , which was equivalent to 18.8 t/day. , from which electricity of 11,305.7 kWh/day was generated in the biogas plant. The biogas production was calculated according to the gas flow meters of the digesters to figure out the overall daily gas yield in Nm 3 . The quality of biogas (CH4, CO2, H2S, NH4) was analyzed with a ENVIRO-100 type gas analyzer. The average value of the methane concentration in biogas was 55%, but the maximal value (76%) indicated that a great potential is available, which can be achieved by a well-balanced, less various raw materials (Table 2. ). The average hydrogen-sulphide content of the biogas was 123 mg/kg after sulphur removal. The desulfurization was conducted with oxygen dozing, FeCl2 addiction, and biological processes. Preißler et al. (2010) [28] determined more rapid reduction of the H2S content in the case of the iron (III) chloride variant. A 60% reduction of hydrogen sulphide content was achieved with the stoichiometric equal addition of iron in the case of the chlorides and the hydroxide compared with the control [28] . Based on the results, the combined sulphur-removal methods resulted in a very low (200 mg/kg >) hydrogensulphide content in the produced biogas.
The daily organic load (kg/d*m 3 ) was calculated from the following equation: OLR = m * c/Vr [5] . The average hydraulic retention time (HRT) was calculated from the maximal volume of the digesters (Vr)( During the first phase of operation (1-652. days), 59% of the daily biogas yields exceeded 7,000 m 3 per day, which was basically due to the 1.5-2 times larger amount of annual consumption of corn silage and whey as raw materials. The average daily biogas production in this period was 7,007 ± 951 m 3 . The average daily proportion of corn silage and whey fed together was 11%, which is higher than the combined rate of 7% for the third stage.
In the second phase of the operation of biogas plant (653-793. days), an intense decrease was observed in production. This was due to a malfunction that forced renovation of three fermenters, only limited quantities of raw materials could have been fed and fermented during this six month.
During the third phase (794-1694. days), 94% of the daily biogas production was less than 7,000 m 3 per day, and an average of 6,050 ± 708 m 3 /day biogas was produced. Comparing the raw material consumption to that of the first period, the use of cattle slurry, the extract, and the grass silage increased by 2.5%, 1.1%, and 0.4 %, respectively, and the use of manure did not change. Accordingly, the proportion of raw materials with higher biogas yield decreased significantly (whey: -2.4%, corn silage: -1.6%, pig slurry: -0.1%, dairy sludge: -0.1%). The annual changes of the recipes are shown in Table 3 .
Weiland evaluated German biogas plants in 2004 [29] and 2009 [30] , and most plants used manure-based mixtures with a range of crops (such as maize, grass, and cereals) as the substrate. Food and vegetable wastes, potato processing residues, whey and fat trap contents were also used as co-substrates with manure. In the 2004 study, manure was the dominant substrate (75-100% share) for nearly 50% of the plants considered. About 83% of the new German agricultural biogas plants operate with a mixture of crops and manure; 15% use crops only and just 2% were operated with manure only. In this study, the biogas plant used in average 82% of animal slurry and manure, 3% of silo maize and grass silage, 12% of food industrial wastes, and 2% of solid separated digestate. 
Optimization
The comparative analysis of the optimized and actual recipes examined the composition and the biogas yield of the recipes by varying the quantities of different raw material feeds. The starting value of this changed between 180 m 3 (long term constantly enterable quantity) and 210 m 3 (maximum fed actual quantity) with 10 m 3 stages. The effect of raw materials on the biogas yield -according to the technology -was calculated with a HRT of 25 days.
Our calculations aimed to show that the biogas potential behind the recipes and the significance of the heterosis effect by using LP modelling, compared to the biogas yield of single raw material. The fact, which the body of literature that we know do not contain reliable estimates on the extent of the latter mentioned effect, underlines the significance of this analysis. LP is the most appropriate tool to determine the recipe providing the maximum biogas yield by given recipe ingredients, taking into account the specific unit yields [31] .
Since the exact composition of tested individual raw material is unknown and most likely not constant, the calculation used the typical values found in the literature (presented in Table 4 .). The biogas yields and the yields of a single feedstock, which can be considered as characteristics, were calculated with means.
The limiting terms of the model were as follows: the specific biogas plant receives daily 100 t cattle slurry, 50 t pig slurry, and 10-10 t whey and dairy sludge, which were rounded to meet the typical daily delivery value. The other three components were the mean values of the collected daily data that increased or reduced with the variance. Another limiting condition was the maximum daily capacity of the fermenter (an average of 180 m 3 , maximum 210 m 3 ). The objective function was to maximize the biogas production. The problem was solved with the use of Solver add-in software of MS Excel. (2) 75 (5) 200-300 (1) 6.66 1
Pig slurry 4 (1) 75 (1) 300-800 (3) 16.50 1
Silo maize 26.09 (2) 72 (4) 600-700 (3) 122.10 0.77 (5) Grass haylage 24.77 (2) 85 (4) 560 (1) 117.89 0.6 (5) Dairy sludge 1.98 (2) 85 (4) 800-950 (1) 124.94 1 Whey 3.51 (2) 80 (4) 500-900 (3) 19.63 1
Solid separated digestate 26.02 (2) 85 (4) 350-780 (1) 14.74 0.50 (6) Cattle manure 21.18 (2) 85 (4) 600-800 (3) 126.02 0.75 (7) ( The model -because of its optimizing feature and the consideration of monodigestion biogas yields -did not consider the heterosis effect, the extent of which was calculated by dividing the theoretical (mono-digestion) biogas yield of the actual recipe pasted in the model by the measured yields of the same recipe, after classifying 1,673 pieces of data into quantitative categories and averaging them. The average of the quantitative categories corresponded to the optimized flow rates (180, 190, 200 , and 210 m 3 ). The data have been evaluated and analyzed with the computer programs of MS Excel and SPSS 23 statistical software package. In order to test the normal distribution of the data, one-sample Kolmogorov-Smirnov test and Lilliefors-probe were used. For the simultaneous comparison of the mean values, analysis of variance was used. The significance differences between the winter and summer periods, -with and without Stage 2 phase -were analyzed by one-way analysis of variance (ANOVA) using Tukey b and Duncan tests at P>0.05 significant level. Factor analysis, -based on Kaiser-MeyerOlkin Measure of Sampling Adequacy probe (0.616) and Bartlett's test -was applied to analyze different components under linear relationship, and to reduce the number of studied components. The relationship between the main raw materials and the biogas production was detected by a linear regression analysis. In the linear regression model, biogas yields without Stage 2 phase were considered as Y (i.e. dependent factor).
Results and Discussion
Technology and operational parameters of the studied biogas plant [24] analyzed four digestate samples in batch reactors. The methane yield was shown to be highly influenced by OLR and by feedstock quality of the biogas plant, but the HRT only showed limited effects.
Optimization of raw material composition
Descriptive statistic of biogas yields in summer and winter is shown in Table 5 . Distribution of the biogas yields in summer and winter periods was normal based on OneSample Kolmogorov-Smirnov test. Taking into account the daily accurately measured values, the objectivity of the LP model, and the model considering only the individual (mono-digestion) biogas yield of the single raw materials, we believe that the heterosis effect in this recipe could result in a 110% excess yield. However, this value is only the best possible approximation, since the actual composition of raw materials used in the given biogas plant -thus their biogas yields -is not precisely known, and it may not correspond to the used average values. Considering the average standard deviation, it can be stated that the heterosis effect results in a 1.7-2.5-fold yield increase under the test conditions.
Although the amount of corn silage, grass silage and the extract -as variableswas minimal in the recipe, they played a crucial role in the total biogas yield of the recipe because of their significantly higher organic matter content and specific biogas yield (Figure 2. ). The recipe composition and the actual daily biogas yields based on the operational measures are detailed in the upper part of Table 6 , while the same parameters as results of the optimization are shown in the lower part of the table. The biogas yield of the model at 180 m 3 daily input level was 16% lower, while at higher input levels it was 18-66% higher than the average of the yields measured in the plant. In case of the 180 m 3 per day input level, the actual recipe contained a significantly smaller proportion of the substrate with the lower biogas yield compared with the optimized 180 m 3 per day capacity. Consequently corn silage, grass silage, and digestate were present in a 3.15-fold proportion (19 % compared to 6 %), so the difference of the proportion of valuable substrates was much higher than of biogas yields (6496 m 3 per day compared to 5425 m 3 per day). Assuming that the raw material in the plant had more favorable parameters (like organic matter content and biogas yield) than the average, the degree of the heterosis effect was corrected upwards with the standard deviation (to 2.50). The measured and the optimized daily yield was practically identical (6496 m 3 or 6445 m 3 ), despite the divergence of the more valuable components.
The considerable surplus yield (18-66%) of the optimized recipe in case of the 190 to 210 m 3 per day input volume was due to the decreased proportion of ingredients with high biogas yield in the higher input volume under the actual operating conditions and the increase of their proportion in the model. The most recommended of these was the feeding of corn silage; the LP model increased first the volume of this ingredient to the maximum level (in addition to leaving the other two substrates on minimum level), than the volume of grass silage and finally the volume of extract. Our calculations suggested that the maximum limit could be reached at 213 m 3 daily input volume. If there was no limits for the variables, the model would have recommended the solely feeding of corn silage -in addition to a minimal feeding of grass silage and extract -at 210 m 3 daily input level with an estimated biogas yield of 12,637 Nm 3 /day, which is more than double of the relevant operating data.
Against this background, we believe that a significant excess yield could be achieved with the use of our model compared to the actual measured data.
It is important to point out, that even a relatively small over-sizing of the fermenter capacity could result in a significant yield increase. In this case study, a 5.5% increase of the input volume (from 180 to 190 m 3 ) resulted in a 35% increase of the biogas yield when using optimized recipe. However, the increasing rate of the yieldaccording to the law of diminishing returns -decreased significantly in case of further similar capacity increases. In turn, the actual operating data displayed the opposite
